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We investigate two-body collisions occurring during the time-of-flight expansion of interacting
three-dimensional lattice Bose superfluids. The number of collisions is extracted from the observed
s-wave scattering halos located between the diffraction peaks of the superfluids. These faint halos can
be monitored thanks to the large dynamical range in densities associated with detecting individual
metastable Helium atoms. We monitor the number of collisions as a function of the total atom
number and of the amplitude of the lattice, in a regime where the number of trapped atoms per lattice
site is large. In addition, we introduce a classical model of collisions that quantitatively describes
the experiment without adjustable parameters. Finally, the present work validates quantitatively
the assumption of a ballistic expansion when investigating the Bose-Hubbard Hamiltonian with a
unity occupation of the lattice.
Quantum gases offer the possibility to investigate mo-
mentum distributions in time-of-flight (TOF) experi-
ments [1]. When considering a single particle, the idea
behind this approach is simple: after a sufficiently long
ballistic expansion the position of the particle reflects its
initial momentum. But when considering an ensemble of
interacting atoms, the expansion may be affected by in-
teractions and the ballistic relation questioned. As TOF
experiments are extensively used to access information
about the momentum-space, a quantitative study of the
fidelity with which the in-trap momentum distribution
can be obtained is of primary importance.
The role of interaction in TOF experiments has been
widely investigated within mean-field approximations.
When the trapping frequency along one axis exceeds
the mean-field chemical potential, the in-trap momen-
tum distribution is retrieved after a sufficiently long ex-
pansion. This includes highly anisotropic traps used to
emulate low-dimensional gases [2] as well as optical lat-
tices [3, 4] but it is not valid for a three-dimensional (3D)
harmonically-trapped Bose-Einstein condensate (BEC)
[5, 6]. Beyond the mean-field level, two-body collisions
must be accounted for, but quantitative investigations
have been much more elusive [7, 8]. Here, we directly
measure the number of two-body collisions in the TOF
expansion of lattice bosons.
In the ultra-cold regime, s-wave elastic collisions be-
tween two bosons result in the presence of spherical scat-
tering halos defined by momentum and energy conserva-
tion. These scattering halos were observed in the collision
of Bose-Einstein condensates [9–13] and are now used as
a source of correlated momentum pairs [14, 15]. As ex-
pected in a classical picture, these experiments show that
the number of collisions increases with the atomic den-
sity and with the relative velocity of the colliding par-
ticles [10]. The TOF distributions of lattice superfluids
contain dense components, the diffraction peaks, mov-
ing with large relative velocities set by the lattice recoil
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and two-body collisions are thus expected to take place
(see Fig. 1(a)). Scattering halos were indeed observed
in the expansion from 1D and 2D optical lattices with
elongated geometries enhancing the number of collisions
[7, 16]. To our knowledge a similar observation was not
reported in 3D optical lattices with a spherical symme-
try and two-body collisions were assumed negligible in
landmark experiments [17–20].
In this work, we observe the s-wave scattering halos
present in the TOF distribution of interacting bosons re-
leased from a 3D optical lattice and we quantify the num-
ber of two-body collisions. For the scattering halos to be
visible, we perform experiments with a large lattice filling
and we take advantage of the large dynamical range asso-
ciated with the detection of metastable Helium-4 atoms
[21]. We monitor the number of collisions as a function
of the atom number and as a function of the amplitude
of the lattice. In addition, we introduce a classical model
of collisions that quantitatively reproduces the measured
values without any adjustable parameters, in the regime
where mean-field interaction is negligible in the TOF dy-
namics. From extrapolating the results of the model to
the regime of unity occupation of the lattice, we establish
quantitatively the accuracy with which TOF experiments
yield the momentum distribution of lattice bosons.
In the experiment, we produce Bose-Einstein conden-
sates of metastable Helium-4 (4He∗) atoms [22] and load
them into a 3D optical lattice [21]. The lattice spac-
ing is a = λ/2 = 775 nm where λ is the lattice wave-
length and its amplitude is denoted V = sER where
ER = h¯
2k2a/8m is the recoil energy and ka = 2pi/a.
We probe the gas with the He∗ detector after a TOF
tTOF = 298 ms from which we reconstruct the 3D posi-
tion ~R of individual atoms [23], in the frame of the center-
of-mass of the gas. Recently, we have shown that our
apparatus is ideally suited to probe lattice superfluids in
the far-field regime, yielding asymptotic momentum den-
sities n∞(~k) = (h¯tTOF/m)3×nTOF(~R, tTOF) over several
decades [21], with h¯~k = m~R/tTOF and nTOF(~R, tTOF)
the density after a time-of-flight tTOF. In the present
work, we are looking for deviations to the ballistic ap-
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2FIG. 1. (a) Sketch of the experiment along one of the spatial axis (the other two spatial directions are not shown). A Bose-
Einstein condensate, initially trapped in an optical lattice, expands in free space after switching off the lattice beams. During
the time-of-flight, various copies of the BEC form as a consequence of the diffraction on the in-trap lattice. Elastic two-body
collisions between two copies manifest themselves by the presence of spherical halos of scattered atoms. (b) Three-dimensional
atom distributions of lattice superfluids measured with the single-atom-resolved He∗ detector after a 298 ms time-of-flight. The
scattering halos associated to the presence of two-body collisions are clearly visible.
proximation, in particular for the presence of two-body
collisions, with the consequence that n∞(~k) 6= n(~k),
where n(~k) is the in-trap momentum density. To max-
imise the number of two-body collisions, we load the 3D
lattice with a large filling factor, comprised between 3 and
7 atoms per lattice site at the center of the trap. This
situation is drastically different from that of our previous
works [21, 24] where we investigated unity-filled lattices.
It is obtained by loading BECs with up to Nbec ∼ 6×105
atoms in the 3D lattice. In addition, we use lattice am-
plitudes larger than s >∼ 4 to ensure that the short-time
expansion is ballistic, i.e. that the zero-point energy of a
lattice site largely exceeds the chemical potential of the
gas.
An example of a 3D single-atom-resolved distribution
is shown in Fig. 1(b). We clearly distinguish the presence
of spherical scattering halos between the diffraction peaks
at |~k| = ka and the central peak |~k| = 0. These halos are
an unambiguous signature of the presence of elastic two-
body collisions. The atomic density of the halos is much
smaller than that of the diffraction peaks (by a factor
∼ 10−7) because the fraction of atoms which collide is
small and because the volume over which these scattered
atoms distribute is much larger than that of a BEC peak,
by a factor (L/a)2  1 where L >∼ 30a is the Thomas-
Fermi radius of the trapped gas [25]. This implies that
revealing the scattering halos requires a large dynamic
range in density, as that provided by the He∗ detector
[23, 26].
We now introduce a model to estimate the number of
two-body collisions taking place during the TOF expan-
sion of a lattice superfluid. To this aim, we elaborate
a classical model inspired by the one introduced in the
context of two colliding BECs [27–29]. It was shown that
such a classical model of binary collisions is in excellent
agreement with a quantum model to first order in per-
turbation theory when the sound velocity of the BECs is
smaller than the relative velocity between the two clouds
[29]. We also note that a classical model does not in-
clude bosonic stimulation but this effect is expected to
be negligible when the number of scattering particles per
mode is much smaller than unity. This two hypotheses
are valid in the regime of our experiment, as it will be
discussed below.
We start by considering the lattice Bose-Einstein Con-
densate in the trap with Nbec atoms. In the following, we
neglect the role of depleted atoms whose atomic density
is too small to contribute substantially to the number of
collisions. In the regime of large lattice filling, the av-
erage density nbec(~r) in the trap (or similarly the atom
number distribution in the lattice) is well approximated
by the parabolic profile associated with the Thomas-
Fermi approximation. The in-trap Thomas-Fermi radius
L can be obtained from the atom number Nbec and the
trapping frequency ω/2pi ∼ 140√s Hz using an inter-
action strength which accounts for the lattice potential
[30]. The distribution of quasi-momenta ~q of the trapped
BEC is centered on ~q = ~0 with a typical RMS width
∆q ∼ 1.58/L [31]. When the lattice potential is abruptly
switched off at time t = 0, several copies of the BEC are
created along each axis of the 3D lattice whose average
momentum equals to j × ka where j ∈ Z. On the one
3hand, at the time the lattice is switched off, the densities
of the BEC copies are identical, up to a scaling factor
αj setting the number of atoms in the copy labelled j,
Nj = αjNbec. The coefficients αj depend on the ampli-
tude of the lattice s and are calculated numerically from
the Fourier transform of the Wannier function associated
with a lattice site [32]. On the other hand, the momen-
tum width ∆k of the different copies is identical to that
of the trapped BEC, ∆k = ∆q. Any two copies have a
large relative velocity (of the order of the recoil veloc-
ity va = h¯ka/m) and atoms from the two copies have a
non-negligible probability to collide. In the following, we
concentrate the discussion of two specific copies: the cen-
tral diffraction peak j = 0 and the first-order peak j = 1
moving along the x-axis (see Fig. 1(a)). By symmetry
the number of collisions between the central peak and
any other first-order peak is identical to the one we con-
sider. In addition, the collisions between other copies of
the BEC, say for instance between two first-order peaks
or between the central peak and a second-order peak,
are hardly visible in the experimental data. We will yet
discuss their contribution towards the end of the article.
To calculate the number of collisions between the
copies j = 0 and j = +1, we evaluate the collision rate of
one atom located at position ~r at time t in the BEC copy
j = 0 with all the atoms of the copy j = 1. This rate
writes Γcoll = n1(~r, t) × σ × v0,1 where n1 is the density
of the copy j = 1, v0,1 = va is the relative velocity of the
two copies and σ = 8pia2s is the scattering cross-section,
with as the s-wave scattering length (as ' 142a0 for 4He∗
atoms, with a0 the Bohr radius). The total number of
collisions between the two copies results from the inte-
gration over all the particles of the copy j = 0 and over
the time interval during which the copies spatially over-
lap. It can be multiplied by 6 to get the total number of
collisions with all first-order copies:
Ncoll = 6
∫
dt
∫
d~r σ va n0(~r, t) n1 (~r, t) . (1)
To proceed with the evaluation of Eq. 1, the TOF dy-
namics of the densities nj(~r, t) must be known. A full
description of the TOF dynamics is beyond the scope of
this article. Instead we provide a simpler physical de-
scription of the TOF relying on the different energy and
time scales of the problem. The shortest time scale is
set by the frequency of a lattice site ωsite, and the corre-
sponding harmonic oscillator length ah.o. =
√
h¯/mωsite.
On the time scale t0 = maah.o./h ∼ 1 µs, the wave func-
tions of separated lattice sites overlap. After a few t0,
the density profile of the copies is smoothen, with a lower
density than that in the trap and a total size of the gas
that is hardly larger than the in-trap size L. The den-
sity profiles of the copies are thus well described by the
parabolic profile nbec(~r).
The other time scales in the problem are much larger
than t0 and associated with (i) the spatial separation
of the two copies, tsep ∼ 2L/va ∼ 0.1 ms; (ii) the
expansion of a BEC copy driven by its kinetic energy,
tkin ∼ mL/h¯∆k ∼ 10 ms ; and (iii) the expansion of a
BEC copy under the effect of the mean-field interacting
potential, tMF. For trapped cloud sizes much larger than
the lattice spacing, L  a, one has ∆k  ka and, in
turn, tsep  tkin. On the contrary, tMF depends on the
atom number and it can be comparable to tsep, paving
the way to two possible scenarios. When the atom num-
ber is small enough, the effect of the mean-field potential
is negligible and the density profile of the copies does not
change while they separate spatially. When it cannot be
neglected, the cloud sizes are enlarged before the copies
separate as a result of the repulsive mean-field potential.
We first consider the scenario where the effect of mean-
field potential is negligible. The density profile of each
copy is constant over the duration tsep since tsep  tkin.
Evaluating the expression of Eq. 1 with a parabolic profile
for the BEC density of radius L, we obtain
Ncoll =
48α0α1
315
(
15Nbecas
L
)2
. (2)
The scaling Ncoll ∝ a2sN2bec/L2 is identical to that found
previously in the description of the collisions between two
BECs [28, 29]. On the one hand, the ratio (Nbec/L)
2
sets the variation of Ncoll with the total atom number
(see Eq. 2), yielding in the Thomas-Fermi approxima-
tion Ncoll ∝ N8/5bec . On the other hand, the lattice ampli-
tude enters both in the product αjαj′ and in the size L.
As L only slightly decreases with the lattice amplitude,
the main variation of Ncoll is thus driven by the product
α0α1. This product increases with s at small lattice am-
plitude as a larger number of atoms populates the first
order diffraction peak j = 1. At larger lattice amplitude,
α0α1 decreases as the total population in the j = 0 and
j = 1 peaks decreases to populate diffraction peaks of
higher orders.
When the effect of the mean-field potential is not neg-
ligible, the expansion of the copies is faster than in the
ballistic case that we have just described. In this scenario
the interaction-induced expansion decreases the density
of the copies and, in turn, the number of collisions as
compared to that predicted by Eq. 2. Interestingly, the
momentum width of the scattering halos δks after a long
TOF provides a direct mean to identify when the mean-
field potential plays a non-negligible role. When the ex-
pansion is ballistic, δks is equal to the in-trap momentum
width ∆k ∝ 1/L and decreases with the total atom num-
ber Nbec as L increases with Nbec. On the contrary, when
the expansion is affected by mean-field interactions, δks
reflects the increased kinetic energy associated with the
mean-field interaction potential and thus increases with
Nbec. As a result, the width δks is expected to take a
minimum value as a function of Nbec that identifies the
crossover between the two scenarios.
In the experiment, we measure the number of colli-
sions as follows. For each halo, we restrict the analy-
sis to a small slice that excludes the volumes where the
4halo intersects with the condensate peaks or with other
halos, as illustrated in the inset of Fig. 2(a). We then
calculate the distance kr between an atom and the cen-
ter of the scattering halo, and build a histogram N (kr)
of the atom number located at a distance kr (the bin
size of the histogram is 0.01ka). In doing so, we also
take into account the detection efficiency αD by multi-
plying the atom number in each bin of the histogram by
1/αD. We have carefully calibrated 1/αD ' 15.5(1.0)
by recording the diluted distributions of Mott insulators,
in order to avoid the saturation effects associated with
the He∗ detector [23]. Examples of histograms are plot-
ted in Fig. 2(a) for various total atom numbers and at a
fixed lattice amplitude s = 5. The scattering halo can be
identified as the peak located at kr = 0.50(1)ka. After
removing the contribution from the background density
(due to the quantum and the thermal depletion [26]), we
fit the peak with a Gaussian function to extract the width
δks and the number of scattered atoms in the investigated
slice. Assuming a spherical symmetry, the total number
of scattered atoms in one halo is obtained by integrating
the value measured in the slice over the entire scattering
sphere. Finally, the measured number of collisions N expcoll
between the copies j = 0 and j = 1 is obtained from
summing the number of scattered atoms measured in the
various observed scattering halos [33].
The measured RMS momentum width δks of the scat-
tering halo is plotted in Fig. 2(b) as a function of the
atom number Nbec. We observe that δks has a mini-
mum value which signals the crossover between the two
scenarios introduced previously. From Fig. 2(b), we con-
clude that for atom numbers larger than N0 ' 1.7× 105,
the model associated to Eq. 2 should overestimate the
number of collisions.
In Fig. 3(a) we plot the number of collisions N expcoll as a
function of Nbec for a fixed amplitude of the lattice s = 5
along with the prediction of Eq. 2. We observe that N expcoll
increases with Nbec faster than linearly, as expected from
Eq. 2. At low atom numbers, we find a good agreement
with the prediction of the classical model with no ad-
justable parameters. The number of collisions becomes
lower than the predicted values for atom numbers larger
than the value N0 identified from the measurement of δks
(see Fig. 2) in agreement with the physical picture pre-
viously described. Note that the number of modes in the
scattering halos is of order 6× (L/a)2 ∼ 104 [25], which
implies that the population of the modes is smaller than
one at low atom numbers. Finally, we plot the probabil-
ity of collision per atom between the BEC copy j = 0
and all the copies j = 1, η1 = N
exp
coll /Nbec, in Fig. 3(b).
We observe that η1 is of the order of a few percent in the
regime we investigated of large fillings of the lattice.
In Fig. 4 we plot η1 as a function of the lattice ampli-
tude s for a fixed atom number N = 3.9(4) × 105. The
number of collisions is found to increase with s at small
amplitudes while it decreases with s at s > 5. This non-
monotonic behavior is well reproduced by the classical
model of collisions and it can be understood by consid-
FIG. 2. (a) Atom number histograms plotted as a function of
the distance kr to the center of the halo. Histograms at a fixed
amplitude s = 5 and for various atom numbers Nbec (from
Nbec = 125×103 to Nbec = 594×103) are shown. Inset: Two-
dimensional cut at kx = 0 through the 3D distribution. The
region where the number of scattered atoms is calculated is
delimited by the orange line. Note that to make the scattering
halos visible, the diffraction peaks are highly saturated (by a
factor about ∼ 30) (b) RMS width δks of the scattering halo
as function of Nbec. The red dashed line is a guide to-the-eye.
The red shaded area signals the crossover between the two
scenarios exposed in the main text.
ering the populations of the different BEC copies, as ex-
plained previously. As expected, η1 is found to be lower
than predicted by the classical model since the atom
number is larger than N0 where the model over-estimates
the number of collisions.
So far we have considered only the atoms scattered in
the collision of the copies j = 0 and j = 1 because the
corresponding scattering halos are clearly visible in the
experiment. One also expects that collisions between two
copies j = 1, as well as collisions involving copies corre-
sponding to higher-order of diffraction j > 2, take place
but the associated scattering halos are more diluted (be-
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FIG. 3. (a) Number of collisions Nexpcoll between the copies
j = 0 and j = 1 plotted as a function of the atom number
Nbec, at a fixed lattice amplitude s = 5. The vertical error
bars account for the standard error of the mean on Nexpcoll and
the uncertainty on the detection efficiency. The horizontal
error bars depict the standard deviation on Nbec. The dashed
line is the prediction of the model of collision. (b) Probability
of collision per atom η1 = N
exp
coll /Nbec as a function of Nbec.
cause of their larger volume and of a lower number of col-
lisions) and we do not observe them in the experiment.
At increasing amplitude s of the lattice, the collisions
that we have not considered so far may contribute sub-
stantially to the total number of collisions. To evaluate
these contributions, one can use Eq. 2 with the appropri-
ate αj ’s, accounting for the number of pairs of copies. An
upper bound for the total number of collisions is provided
by considering an extreme situation where the number of
copies would be as large as the number of atoms. This
upper bound is only a factor 3 larger than η1 and as a re-
sult the measured probability of collision η1 also provides
a good estimate for the total probability of collisions. Im-
portantly, one can use Eq. 2 to estimate the number of
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FIG. 4. Probability of collision per atom η1 as a function of s
at a fixed atom number Nbec = 3.9(4)×105. The blue dashed
line is the prediction of the model of collision.
collisions occurring in an experiment with a unity filling
of the lattice sites, a situation where we are not able to
observe any scattering halos [21]. We find that the proba-
bility for an atom to collide during the TOF is extremely
low, η1 ∼ 10−4.
In conclusion, we have quantitatively studied the two-
body collisions occurring during the time-of-flight expan-
sion of lattice superfluids with a large lattice filling. We
have introduced a classical model of collisions which is
found in agreement with the measured number of colli-
sions without adjustable parameters, in the regime where
mean-field interactions do not affect the TOF dynam-
ics. From extrapolating the results of the model to the
regime of unity lattice filling, we find that the prob-
ability for an atom to collide during the TOF is ex-
tremely low. In other regions of the finite-temperature
phase diagram of the Bose-Hubbard Hamiltonian with a
unity filling – at higher temperature or when approach-
ing the Mott insulating regime – the probability of col-
lision would be further reduced. From these consider-
ations, the present work confirms the accuracy of the
mapping n∞(~k) ' n(~k) for unity-filled lattices beyond
the mean-field level [21]. It also validates the possibility
to investigate the momentum-space correlations between
individual atoms in TOF experiments [24].
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